In order to define the osteocytic function in accelerated bone remodeling, we examined the distribution of the osteocytic lacunar-canalicular system (OLCS) and osteocyte-secreting moleculesdentin matrix protein (DMP) 1 and sclerostin-in the epiphyses and cortical bones of osteoprotegerin deficient (OPG −/− ) mice. Silver impregnation visualized a well-arranged OLCS in the wild-type epiphyses and cortical bone, whereas OPG −/− mice had an irregular OLCS in the epiphyses, but well-arranged canaliculi in the cortical bone. DMP1-positive osteocytes were evenly distributed throughout the wild-type epiphyses and cortical bone, as well as the OPG −/− cortical bone. However, OPG −/− epiphyses revealed weak DMP1-immunoreactivity. Thus, osteocytes appear to synthesize more DMP1 as the OLCS becomes regular. In contrast, sclerostin-immunoreactivity was significantly diminished in the OPG −/− epiphyses and cortical bone. In OPG −/− epiphyses and cortical bone, triple staining demonstrated few sclerostin-positive osteocytes in the periphery of a thick cell layer of alkaline phosphatase-positive osteoblasts and many tartrate resistant acid phosphatasepositive osteoclasts. Summarizing, the regular distribution of OLCS may affect DMP1 synthesis, while the cellular activities of osteoclasts and osteoblasts rather than the regularity of OLCS may ultimately influence sclerostin synthesis.
Osteocytes are the most numerous cells in bone, being localized within their lacunae. The osteocytes are connected each other by means of their cytoplasmic processes interconnected through gap junctions (9, 23) , which pass through narrow passage ways referred to as osteocytic canaliculi. Therefore, osteocytes build up functional syncytia, i.e., the osteocytic lacunar-canalicular system (OLCS) (1, 7, 15) . To date, osteocytes and their canaliculi have been shown to sense the direction and strength of mechanical stress in bone and then, affect the communication among osteocytes and between osteocytes and osteoblasts (7, 14, 35) . They may also regulate bone remodeling (16, 22, 27) and mineral metabolism (4, 10, 27) . Osteocytes might control trafficking of minerals such as calcium and phosphate through their canaliculi, and might regulate osteoclastic and osteoblastic activities on the bone surface. These putative functions imply that OLCS feature a finely tuned arrangement, which may be altered by physical or chemical imbalances.
Our previous work demonstrated that physiological bone remodeling would reconstruct the arrangement of OLCS more regularly; especially, the speed of bone deposition during remodeling would influence the regularity of OLCS (13, 31) . The regularity of OLCS appears to be different in each region of of osteoblast lineages (17, 30, 38) . Cell-to-cell contact between osteoblastic cells and osteoclast precursors brings RANK into binding with RANKL, initiating osteoclastogenesis (2, 26, 28) . Osteoprotegerin (OPG) acts as a decoy receptor for RANKL, preventing its association with RANK and inhibiting osteoclastogenesis (25) . Therefore, mice homozygous for targeted disruption of the OPG gene reveal stimulated osteoclastogenesis and consequent bone resorption, and thereby, they are a valid model for extremely-stimulated bone remodeling (3, 36) . In this study, we aimed to elucidate the osteocytic function underlying the stimulated bone remodeling. Therefore, we employed the epiphyses and diaphyseal cortical bone from the OPG −/− mice, in which we could exclude the effects of individual bone growth, and histochemically examined the geometrical regularity of OLCS and the synthesis of osteocyte-derived molecules, i.e., DMP1 and sclerostin.
MATERIALS AND METHODS
Tissue preparation. All animal procedures were performed on seventeen week-old male wild-type and OPG −/− mice (n = 6, for each) obtained as previously described (3), in accordance with guidelines for animal experimentation set by Hokkaido University. All mice were anesthetized with an intraperitoneal injection of chloral hydrate and perfused through the left ventricle with 4% paraformaldehyde diluted in 0.1 M phosphate buffer (pH 7.4). Femora were dissected free of soft tissue and immersed in the same fixative for an additional 12 h at 4°C. After decalcification with 5% EDTA-2Na solution for 2 weeks at 4°C, the specimens were dehydrated through a graded series of ethanol prior to being embedded in paraffin.
Histochemistry for tartrate resistant acid phosphatase (TRAP), alkaline phosphatase (ALP), sclerostin and DMP1. For detection of TRAP activity, the histological sections were incubated with a mixture of 2.5 mg of naphthol AS-BI phosphate (Sigma, St. Louis, MO), 18 mg of red violet LB salt (Sigma) and 100 mM L (+) tartaric acid (0.76 g; Nacalai Tesque, Kyoto, Japan) diluted in 30 mL of 0.1 M sodium acetate buffer (pH 5.0) for 15 min at 37°C. For immunolocalization of ALP and sclerostin, deparaffinized sections were treated with 0.1% hydrogen peroxide for 15 min, to inhibit endogenous peroxidase, and pre-incubated with 1% bovine serum albumin in phosphate buffered saline (BSA-PBS) for 30 min at room temperature. Rabbit antiserum long bones, probably due to the different speed of bone remodeling. For example, epiphyses and cortical bone are independent of longitudinal bone growth driven by endochondral bone formation, and therefore, its bone remodeling appears to be slower than that seen in the metaphyses. The regularly-arranged OLCS accomplished by physiological bone remodeling in the epiphyses and cortical bone seems effective for their function-sensing mechanical stress, regulating bone remodeling and transporting minerals and chemicals (13, 31) . The synthesis of osteocyte-derived molecules may reflect the biological roles of OLCS, and therefore, investigation of their synthesis and localization would provide clues to understand osteocytic function. Dentin matrix protein (DMP) 1 was originally identified in rat incisor's pulp cDNA library (12) . Later, DMP1 was shown to be a bone matrix protein expressed in osteocytes, and has been assumed to play a role in bone mineral homeostasis, due to its high calcium ion-binding capacity (29) . As shown in a recent report that a lack of DMP1 gave rise to rickets or osteomalacia in mice (10), a possible role of osteocytes mediating DMP1 appears to be local regulation of mineralization. Sclerostin is a glycoprotein which is a product of the SOST gene, and secreted by osteocytes (37) . It was reported to bind the LRP5/6 receptor, thereby antagonizing Wnt signaling and increasing β-catenin degradation (18, 34) . Sclerostin has been highlighted as a negative regulator of osteoblastic bone formation (22, 24, 32, 37) , and is also regarded as an important mediator of mechanical loading in bone (20) . Recently, treatment with the sclerostin antibody in a rat model of postmenopausal osteoporosis led to an increase in bone formation, bone mass and bone strength (19) . Taken together, osteocytes are not merely resting cells embedded in bone, but appear to actively regulate bone metabolism by secreting sclerostin. Physiological bone remodeling, the coupled bone resorption and formation which replace old bone with new one, seems necessary for building up the geometrical regularity of OLCS, as described (13, 31) . Stimulated osteoclastogenesis and subsequent bone remodeling may provoke a disorganized OLCS. Osteoclastogenesis is chiefly controlled by the interaction between the receptor activator of the nuclear factor κB (RANK) and RANK ligand (RANKL). RANK is a member of the membrane-associated tumor necrosis factor receptor family located on cell membranes of osteoclasts and their precursors (17, 38) , while RANKL is present on the cell membrane um sulfite, 0.5% potassium bromide and 0.5% amidol diaminophenol dihydrochloride. They were then treated with 1% gold chloride, and subsequently treated by 2% oxalic acid amidol until black staining of the osteocytic canaliculi could be visualized. After rinsing with distilled water, sections were fixed in 5% sodium thiosulfate. and all values are presented as means ± standard deviation. Differences among groups were assessed by the paired Student's t-test, and considered statistically significant when P < 0.05.
Quantification of DMP1-

RESULTS
Altered histology and distribution of OLCS in femoral epiphyses and cortical bones of OPG deficient mice
The histological sections from the femora of seventeen week-old adult OPG −/− mice exhibited an enclosure of the growth plate, resulting in fragmented islets of cartilage remnants (Figs. 1A, B) . The amount and size of trabecular bone had decreased in the whole epiphysises of OPG −/− mice, while those in the anterior region of the epiphyses were not evidently different between the wild-type and OPG −/− mice (Figs. 1C, D). Although OPG −/− cortical bones were slightly porous due to infiltration of a soft tissue, the wild-type counterparts showed a compact profile (Figs. 1E, F). Silver impregnation revealed well-arranged OLCS in the wild-type epiphyses, in which osteocytes against tissue nonspecific ALP (21) was applied to the sections at a dilution of 1 : 300 overnight at 4°C. Sections were then incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (DakoCytomation, Glostrup Denmark). For sclerostin detection, the sections were incubated with goat anti-sclerostin (R&D System Inc., Minneapolis, MN) at a dilution of 1 : 100, and subsequently incubated with HRP-conjugated anti-goat IgG (American Qualex, San Clemente, CA) at 1 : 100 at room temperature. Regarding immunodetection of DMP1, the deparaffinized sections were treated with 1 μg/mL trypsin (Wako Pure Chemical Industries Ltd., Osaka, Japan) for 30 min. After pre-incubation with 1% BSA-PBS for 30 min at room temperature, sections were incubated with rabbit antibody against DMP1 (Takara Bio Inc., Otsu, Japan) at a dilution 1 : 500 overnight at 4°C. Incubation with HRP-conjugated goat anti-rabbit IgG (DakoCytomation) was undertaken, and then, rinsed with PBS. Immune complexes were visualized using 3,3'-diaminobenzidine tetrahydrochloride (DAB, Dojindo Laboratories, Kumamoto, Japan). For triple staining with sclerostin, ALP and TRAP, we at first performed sclerostin immunohistochemistry visualizing using DAB, and then, ALP detection by employing secondary antibody conjugated with ALP (Seikagaku Biobusiness Co. Tokyo, Japan). For enzyme histochemistry for ALP, the sections with the immune complex were incubated in an aqueous mixture of 2.5 mg of naphthol AS-BI phosphate (Sigma) and 18 mg of fast blue RR salt (Sigma) diluted in 30 mL of 0.1 M Tris-HCl buffer (pH 8.5) for 30 min at 37°C. Double stained sections carrying sclerostin and ALP colorized in brown and blue was finally subjected to TRAP detection as described above. All the sections were counterstained faintly with methyl green, and were observed under a Nikon Eclipse E800 microscope (Nikon Instruments Inc., Tokyo, Japan). Light microscopy images were acquired with a digital camera (Nikon DX-M1200C, Nikon, Japan).
Silver impregnation. We performed silver impregnation based on a modification of Bodian's protargol-S procedure (5, 6, 31) . In brief, the dewaxed sections were soaked in a 1% Protargol-S solution diluted in borax-boric acid (pH 7.4) for 12-48 h at 37°C. After rinsing with distilled water, the reaction was enhanced by an aqueous solution containing 0.2% hydroquinone, 0.2% citric acid and 0.7% nitric silver. After additional rinsing, the sections were reacted for 5 min with a solution of 2.5 % anhydrous sodi- ) show lower magnified images of epiphyseal trabeculae. At higher magnification, the wild-type epiphyses (epi) revealed well-arranged OLCS, in which osteocytes extended their cytoplasmic processes in a well-arranged manner (C). In OPG −/− epiphyses, however, osteocytes were randomly-embedded extending their cytoplasmic processes in all directions, therefore, forming irregular distribution of OLCS (D). Note empty lacunae and lacunae with pyknotic osteocytes (arrows). The cortical bone (CB) of the wild-type mice (E) featured regularly-arranged OLCS (See an inset), in which the longitudinal axis of osteocytes was parallel to the bone surface, and the osteocytes extended their cytoplasmic processes perpendicular to the bone surface. The OPG −/− cortical bone also showed a well-aligned OLCS (an inset, F). However, the periphery of invading soft tissue (ST) revealed irregular distribution of osteocytes. Bars: 70 μm (A and B), 30 μm (C and D), and 40 μm (E and F) (31.55 ± 8.00 in OPG −/− vs 72.26 ± 11.90 in wildtype, P < 0.005), when compared with that of the wild-type specimens. Thus, even distribution of DMP1-positivity was seen in the regularly-arranged OLCS in the wild-type epiphyses and cortical bone, as well as in OPG −/− cortical bone. However, the immunoreactivity of sclerostin was markedly reduced in both epiphyses and cortical bone of the OPG −/− mice.
Triple staining for ALP, TRAP and sclerostin in the wild-type and OPG
−/− epiphyses and cortical bone A discrepancy in the localization of DMP1 and sclerostin prompted us to examine whether other factors than the regularity of OLCS would affect the synthesis of sclerostin. Because sclerostin was shown to be associated with osteoblastic activities and subsequent bone formation (33, 37), we examined triple staining for ALP and TRAP, hallmarks for osteoblastic and osteoclastic lineages, in addition to localizing sclerostin ( (Table 1) .
DISCUSSION
The currently accepted postulation states that osteocytes serve in the transport of small molecules, local mineralization and regulation of bone metabolism (1, 8, 14, 35) . The establishment of a regular distribution of OLCS by physiological remodeling appears extended their cytoplasmic processes in a wellarranged manner (Figs. 2A, C) . In OPG −/− epiphyses, randomly-embedded osteocytes extended cytoplasmic processes in all directions (Figs. 2B, D) . Several empty lacunae and lacunae with pyknotic osteocytes were observed within the irregular distribution of the OPG −/− OLCS (Fig. 2D) . In cortical bone of the wild-type mice, the endosteal region showed more regular OLCS than that seen in epiphyses, in which the longitudinal axis of osteocytes were parallel to the bone surfaces, and the osteocytes extended their cytoplasmic processes perpendicular to the surface (Fig. 2E) . Most areas of the OPG −/− cortical bone showed a well-aligned OLCS except the periphery of invading soft tissue with an irregular OLCS (Fig. 2F) . Thus, the OLCS of OPG −/− mice was irregular in the epiphyses, but well-arranged in the cortical bone except the region of invading soft tissue.
Immunolocalization of DMP1 and sclerostin in OPG
−/− epiphyses and cortical bone DMP1-positive osteocytes were evenly distributed throughout the wild-type epiphyses and cortical bone (Figs. 3A, E) . At higher magnification, osteocytic canaliculi and lacunae of the wild-type animals were shown to be immunopositive for DMP1 (Fig. 3C) . OPG −/− epiphyses revealed not only decreased DMP1-immunoreactivity, but also uneven distribution (Figs. 3B, D) . Unlike epiphyses, the OPG −/− cortical bone showed intense DMP1 immunoreactivity in many osteocytes (Fig. 3F) . Statistical analyses demonstrated a significant difference in the percentage of DMP1-positive epiphyseal osteocytes in comparison with the wild-type epiphyses (Table 1; 56.91 ± 8.24 in OPG −/− vs 85.37 ± 3.87 in wild-type, P < 0.005), but no significantly different index in the cortical bone (Table 1; 87.48 ± 5.09 in OPG −/− vs 86.23 ± 4.21 in wild-type, NS). Taken together, DMP1 appears to be abundantly synthesized in the regularly-arranged OLCS in the wild-type epiphyses and cortical bone, as well as in the OPG −/− cortical bones. Screlostin-immunoreactivity was seen in the osteocytes and/or their lacunae of the wild-type epiphyses. Unlike DMP1, both epiphyses and cortical bone of OPG −/− mice showed extremely-reduced sclerostin-immunoreactivity, compared with those of the wild-type mice (Fig. 4) . Consistently, statistical analyses verified a significant reduction in the index of sclerostin-positive osteocytes in the epiphyses (Table 1; 15.21 ± 4.63 in OPG −/− vs 62.96 ± 11.59 in wild-type, P < 0.005) and diaphyseal cortical bones activity of DMP1 in cortical bone. We postulate that, even in the circumstance of accelerated osteoclastogenesis by an OPG deficiency, the sites being easily resorbed and remodeled might be different according to each part of the long bone. For example, at seventeen weeks after birth, the epiphyseal growth plate and metaphyseal trabecules had been already enclosed in the OPG −/− mice, due to stimulated bone resorption (Fig. 1B) . This indicates that metaphysis is the site always being subjected to osteoclastic bone resorption, and might be easily collapsed by pathologically-enhanced bone resorption. In contrast, both the epiphyses and diaphyseal cortical bone are the sites bearing the mechanical load -body weight and physical practices. Especially, cortical bone may be the most important part to retain bone structure against stimulated bone resorption and mechanical loading. In our study, OPG −/− cortical bone showed porosity, but was not totally fragmented, keeping the trunk of the femora. For the above-mentioned reason, cortical bone may not be completely resorbed, resulting in a well-organized arrangement of OLCS even under an OPG deficiency. We wondered why sclerostin but not DMP1 showed less immunoreactivity in the OPG −/− cortical bone in spite of the regular distribution of OLCS. Osteocytes close to a thick layer of ALP-positive osteoblasts and TRAP-positive osteoclasts showed little sclerostin immunoreactivity, while osteocytes apart from the bone surface tended to show abundant sclerostin molecules (Fig. 5 ). Therefore, it seems possible that cellular activities of osteoblasts, rather than the regularity of OLCS, might eventually influence sclerostin synthesis. Our next question was how could sclerostin synthesis be reduced in OPG −/− cortical bone? Since osteocytes are not targets for OPG, we assumed that to be essential for maturation of the bone matrix (13, 31) . This study provides clues for better understanding of osteocytic function in which the regular distribution of OLCS may chiefly affect DMP1 synthesis, but the cellular activities of osteoclasts and osteoblasts may ultimately influence the synthesis of sclerostin.
Assuming that the regularly-arranged OLCS is a matured, fully functional syncytium, it seems reasonable that a more abundant amount of DMP1, which is involved in mineralization, could be produced by such osteocytes. As shown in Fig. 2 , silver impregnation has demonstrated the disturbed distribution of OLCS including empty lacunae in the epiphyses, but the OLCS was regularly arranged in the cortical bone of the OPG −/− mice. According to the degree of OLCS's regularity, DMP1-reactivity was reduced in OPG −/− epiphyses, but intense in cortical bone. Thus, the synthesis of DMP1 may be, at least, controlled by the geometrical regularity of OLCS. However, one may notice that these findings might be seemingly contradictable to our previous reports which demonstrated DMP1 even in the poorly-arranged OLCS in normal mice (31) . As shown in Fig. 2D , there were several empty lacunae in the OPG −/− epiphyses, and such bone does not seem to be merely subjected to accelerated bone remodeling, but also to pathological osteocytes' death. The intercellular signaling among OLCS appears to be abruptly interrupted by the presence of empty lacunae, and might lessen the osteocytic function of OLCS. Taken together, it seems likely that the geometrical regularity of OLCS is essential for osteocytic function including DMP1 synthesis, but pathologically excessive bone remodeling would disrupt the syncytium of OLCS. Interestingly, OPG −/− mice kept well-arranged distribution of OLCS, featuring an intense immunore- The percentage of DMP1-positive or sclerostin-positive cells in the total numbers of osteocytes was determined in the epiphyseal trabecules and cortical bone of the wild-type and OPG −/− mice. The index of ALP-positive and TRAP-positive areas was also examined in the corresponding region of these mice. Statistical analysis was performed by the paired Student's t-test (See Materials and methods). All data is expressed as mean ± standard deviation. osteocytes might recognize the cellular activities of osteoclasts and osteoblasts in the OPG −/− framework, prior to synthesizing sclerostin. Many reports have suggested that osteocytes secrete sclerostin to inhibit osteoblastic activities (18, 32, 34, 37) , which implies intercellular signaling derived from osteocytes toward osteoblasts on the bone surface. However, a reverse signaling direction between osteocytes and osteoblast/osteoclasts on bone surfaces might exist, i.e., a signaling from osteoblasts/osteoclasts toward osteocytes embedded in the bone matrix. The present study seems, at least, to indicate this possibility that synthesis of sclerostin might be controlled by the cellular microenvironment surrounding osteocytes, rather than the regulation of the OLCS. Further detailed experiments are necessary to verify this postulation.
